The active ingredients of 'golden root' of Scutellaria baicalensis GEORGI (Huang-Qin), a valuable traditional Chinese medicine, are polyhydroxyflavonoids, namely baicalein, oroxylin A and wogonin. With the objective of overcoming their poor solubility and to investigate their structure and activity relationships, baicaleinyl 7-O-sulfate was prepared, and extensive comparative antioxidative and anti-inflammatory tests were conducted. All the polyhydroxyflavonoids exhibited significant antioxidative and free-radical scavenging activities. In respect of their nitric oxide (NO) inhibition, wogonin was superior to all the other flavonoids, while oroxylin A was most potent in the inhibition of lipid peroxidation. Wogonin proved to be the most potent (82.9% inhibition, p < 0:05) in its antiinflammatory activity against carrageenan-induced rat hind paw edema. There was a correlation between the in-vivo anti-inflammatory activity and the in-vitro antioxidative activities.
Reactive oxygen species (ROS) are always present in cells as aerobic metabolic products of normal cellular respiration. However, oxidative stress, an imbalance of excessive ROS, originating from endogenous or exogenous sources, might cause inflammation and therefore plays a pivotal role in many diseases, including arthritis, sepsis, inflammatory bowel disease and stroke. Recent reports have demonstrated that peroxynitrite (ONOO À ), a highly reactive oxidant generated from nitric oxide (NO) and superoxide (O 2 À ) radicals at a diffusionlimited rate, triggers inflamed pathophysiological tissues. It has now been clearly demonstrated that endothelial cells, neutrophils, and macrophages are capable of producing both NO and superoxide, and that peroxynitrite is a potent species to oxidize lipid membranes. [1] [2] [3] Furthermore, there are increasing reports indicating that peroxynitrite may contribute to cell death and tissue injury in a number of human diseases.
3)
Cytoprotective antioxidants prevent free-radicalinduced tissue damage by preventing the formation of radicals and scavenging them or by promoting their decomposition. 4) A wide variety of phytochemicals may act as antioxidants in a plant diet including fruit, vegetables and herbs, and supposedly exerts a beneficial effect on the human body. One such herb is Scutellaria baicalensis GEORGI, also named Huang-Qin, a traditional Chinese medicine used since ancient times to treat allergic and inflammatory diseases by the mechanisms known as ''cleansing heat,'' ''drying moisture,'' and ''removing toxins. '' 5) The plant root has been nicknamed 'Chinese skullcap' or 'golden root' on account of its unusually high flavonoid content possessing various medicinal effects: antiviral, antibacterial, antitumor, sedative, anti-pyretic, antihypertensive, diuretic, and hemostatic. In chemical terms, flavonoids are a class of botanically derived polyphenols whose major role in plants is acting as a natural antioxidant. Polyhydroxyflavonoids efficiently modulate the redox status and thus may play a critical role in regulating the inducible gene expression of inflammatory mediators in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. 6) The potentially beneficial effects of polyhydroxyflavonoids have been firmly established in a wide variety of bioactivity experiments such as antioxidative, freeradical scavenging, and anti-inflammatory activities. 7, 8) The very potent antioxidative effects of S. baicalensis have been traced, in many cases, to the polyhydroxyflavonoids. Among them, baicalein, oroxylin A and wogonin, and their water-soluble glucuronides are major components. S. baicalensis has significantly inhibited lipid peroxidation in a rat liver homogenate 9) and its anti-inflammatory action, also contributed by the polyhydroxyflavonoids, was primarily via the effects on lipoxygenase in the polyunsaturated fatty acid arachidonic acid (AA) metabolism. In response to mediators y To whom correspondence should be addressed. Tel: +886-2-87923100 ext. 18875; Fax: +886-2-87923169; E-mail: wenhsin@mail.
ndmctsgh.edu.tw Abbreviations: AA, arachidonic acid; COX, cyclooxygenases; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical; HPLC, high-performace liquid chromatography; LPS, lipopolysaccharides; LucCL, lucigenin-enhanced chemiluminescence; L-NAME, N-nitro-L-arginine methyl ester; MTT, methylthiazoletetrazolium bromide; NO, nitric oxide; NOS, nitric oxide synthases; ONOO À , peroxynitrite in the initial stages of inflammation, arachidonic acid (AA), a regular esterified constituent of the cell membrane, was released as free AA, a substrate of both lipoxygenases (LOX) and cyclooxygenases (COX), to form metabolites with varying roles in the inflammatory cascade. 10) Nevertheless, inducible NO has augmented inflammation in the early and late stages of the inflammatory cascade by dual mechanisms of action: dilation and enhancing the permeability of blood vessels involved in the pathogenesis of carrageenan-induced paw edema, this having been well established. 11, 12) There is evidence that baicalein selectively inhibited LOX, while the whole herb has shown a moderate inhibitory effect on COX, 13) and polyhydroxyflavonoids have potentially inhibited inducible nitric oxide synthase (NOS) and COX, 14) these results being indicative of these highly prized polyhydroxyflavonoids as promising medical agents. However, a major drawback of these polyhydroxyflavonoids, except for the glucuronides which are only present in a trace amount in S. baicalensis GEORGI, is their limited water solubility. Therefore, from the point of view of medicinal chemistry, the preparation of some water-soluble forms of the polyhydroxyflavonoids would be pertinent not only to pharmaceutical technology, but also to clarification of the structure-activity relationship in drug discovery.
We have reported in previous papers 15, 16) a facile synthesis, which is particularly suitable for scaling up, of the three active polyhydroxyflavonoids of S. baicalensis, namely baicalein, oroxylin A, and wogonin. Particularly worth-mentioning is the availability of very potent wogonin which has only been investigated in a limited manner owing to both the lack of appropriate preparation methods and too small an amount existing in plants to study. We report here a simple preparation of a novel water-soluble flavonoid in a good yield (59%) via the sulfation of baicalein and a systematic comparative study on the antioxidative and anti-inflammatory activities of the sulfated and naturally occurring polyhydroxyflavonoids ( Fig. 1 ) in vivo and in vitro.
Materials and Methods
Reagents. All the flavonoids were synthesized as described previously. 15, 16) LPS (from Escherichia coli, serotype 0127:B8), trypan blue and all the other chemicals, unless otherwise specified, were purchased from Aldrich-Sigma Chemical Company (St. Louis, MO, USA).
Synthesis of baicaleinyl 7-O-sulfate. Baicalein (1.0 g, 3.7 mmol) was dissolved in dichloromethane (20 ml); while stirring, triethylamine (2.6 g, 26 mmol) was added to the mixture at 0 C. After 10 min, chlorosulfonic acid (8.6 g, 74 mmol) was added dropwise. The cooling bath was removed after complete addition, and the mixture was stirred at room temperature for 48 h. After concentration under reduced pressure, the mixture was acidified with 1-N HCl and then H 2 O (50 ml) was added. The mixture was warmed to 70-80 C and then filtered to remove the solid residue. The crude product began to precipitate at 4 C. Filtration and crystallization from ethyl acetate/dichloromethane gave baicaleinyl 7-Osulfate (0.76 g, 59%) as fine pale-yellow needles of over 98.2% purity by an HPLC analysis (retention time = 1.49 min with 70% acetonitrile in water in a microsorb-MV C18 5 mm column), mp 170-172 C.
Cell culture. The mouse BALB/c macrophage cell line, RAW 264.7 (identical to ATCC number TIB-71), was obtained from Bioresource Collection and Research Center, Taiwan. The cells were maintained according to the reported method, 17, 18) being cultured in 50 cm 2 plastic flasks (Nunc, Roskilde, Denmark) with the medium renewed every 3 days.
Determination of cell viability by an MTT assay. To evaluate the cell viability, a methylthiazoletetrazolium bromide (MTT) assay was conducted by the standard method as described previously. 19, 20) Incubation was performed after pretreating with a combination of the polyhydroxyflavonoids, in concentrations of 25, 50, 100, and up to 200 mM in dimethyl sulfoxide, and LPS (100 ng/ml) in normal saline for 24 h. Untreated cells were used as the control.
Tollen's test. A polyhydroxyflavonoid (30 mg, 1 mmol) was dissolved in ethanol (5 ml) in a test-tube, and Tollen's ammoniacal silver nitrate solution (2-3 ml) was then added. The reaction was judged positive if a silver mirror was formed. 21) Nitrite quantification. The cells were cultured with or without a pretreatment by a polyhydroxyflavonoid of 25, 50, 100, and up to 200 mM as already described. The production of NO was determined by measuring the accumulated level of nitrite in the culture supernatant with the Griess reagent in LPS-stimulated macrophage cells. A quantity of 100 ml of a sample aliquot were mixed with 100 ml of the Griess reagent (0.1% N-(1-naphthyl)ethylenediamine, 1% sulfanilamide, and 2.5% phosphoric acid) in a 96-well plate and then incubated at 25 C for 10 min. The absorbance at 550 nm was measured with an ELISA reader (MR 700, Dynatech Laboratories, Alexandria, VA, USA). NaNO 2 was used as the standard to calculate the nitrite concentration.
22)
Blood collection and plasma preparation. Blood was drawn from the peripheral vein of a healthy volunteer with heparinized syringes. One half of the whole blood was transferred to a 10-ml conical tube and centrifuged at 600g for 10 min. The plasma was collected for a subsequent study. The second half of the plasma was transferred to a new 15-ml conical tube and prepared as platelet-poor plasma by centrifugation at 1000g for 10 min. An equal volume of phenol was added to the platelet-poor plasma in an Eppendorf microcentrifuge tube to denature the protein. The sample was mixed and then centrifuged at 20000g for 10 min. The supernatant was collected for subsequent experiments.
Measurement of superoxide by lucigenin-enhanced chemiluminescence (LucCL). The chemiluminescence activity was assayed with an automated luminometer (Packard, LumiCount) which detects and records the chemiluminescence released by lucigenin. Under the conditions used, the chemiluminescence measured by this assay represents superoxide generation. All assays were performed in triplicate at room temperature. Data are reported as the integral of the luminescence signal produced after stimulation. Peak chemiluminescence measurements were achieved as the intensity of free radical generation. Each sample solution (200 ml, 100 mM in dimethyl sulfoxide) was loaded with 0.8 ml of freshly heparinized blood/plasma mixed with lucigenin at a concentration of 10 mg/ml in a HEPES solution (6.9 g of sodium chloride, 2.1 g of sodium bicarbonate, 0.99 g of glucose, 0.12 g of magnesium sulfate heptahydrate, 0.14 g of potassium phosphate, 0.36 g of potassium chloride, and 0.264 g of calcium chloride dihydrate in 1 liter of water at pH 7.4). The light emission was continuously measured for a period after obtaining the peak chemiluminescence intensity. The control value represents the basal chemiluminescence obtained from the reaction mixture without any stimulation.
23)
Free-radical scavenging activity by the DPPH assay. The free-radical scavenging capacity of the flavonoids was determined by using 2,2-diphenyl-1-picrylhydrazyl (DPPH). Each sample solution (50 ml, 0-80 mM in dimethyl sulfoxide) was added to 2.95 ml of a freshly prepared DPPH solution (4.5 mg in 100 ml of methanol) in a disposable cuvette (Hellma 104-QS, German; 1400 ml) and left to stand at room temperature. Methanol was used as the blank solution in each experiment. The absorbance values at 517 nm were measured immediately before and 20 min after adding a test sample solution. The effect is expressed as a percentage reduction in the absorbance value. 24) Determination of linoleic acid peroxidation. The ferric thiocyanate method was used to screen antioxidants for protection of the polyunsaturated fatty acids. A mixture of 200 mM of the respective compounds including the tested polyhydroxyflavonoid and -tocopherol in 0.6 ml of MeOH, 2.0 ml of 0.02 M linoleic acid in a 0.1 M sodium phosphate buffer (pH 7.0) and 1.4 ml of distilled water was added to a vial with a screw cap to make a final concentration of 50 mM, this being placed in an oven at 40 C in the dark. Daily 0.1-ml aliquots were taken for an assay at intervals during the incubation. Each solution was mixed with 75% ethanol (4.7 ml) and 30% ammonium thiocyanate (0.1 ml), and then vigorously shaken for 5 s. Precisely 3 min after adding 0.1 ml of 0.02-M ferrous chloride in 3.5% hydrochloric acid to the reaction mixture, the absorbance at 500 nm was measured with a model UV-Vis 160 A spectrophotometer (Shimadzu Co., Kyoto, Japan). 25, 26) Estimation of lipophilicity of the polyhydroxyflavonoids. The octanol/water partition coefficient (lipophilicity, log P) of each polyhydroxyflavonoid was calculated by log P calculation with BioMedCAChe 6.0 molecular modeling software (Fujitsu, Beaverton, Oregon, USA).
Determination of anti-inflammatory activities by the carrageenan-induced hind paw edema test on rats. Male albino Wistar rats (250-285 g) were housed and cared for under the guidelines of the Institutional Animal Care and Use Committee at the National Defense Medical Center, Taiwan. The rats were assigned to groups, one of them being the control. In order to induce inflammation, 100 ml of a 1% carrageenan solution in normal saline was injected into the right hind paw subplantar tissue, according to the modified method of Winter et al.
27) The development of paw edema was measured plethysmographically (Basile 7140 plethysmometer, Ugo, Varese, Italy) and recorded prior to this administration. One hour before the carrageenan challenge, a sample preparation (20 mg/kg) was injected i.p. into a rat in a test group. Normal saline was injected in the same way into animals in the control group. After the carrageenan challenge, each paw volume (ml) was measured hourly up to 5 h. The percentage of paw edema and the inhibition of inflammation were calculated by the previously reported protocol. 27) Statistical analysis. Each experimental data value is expressed as the mean AE SEM. The statistical significance of differences was assessed with an analysis of variance (ANOVA), followed by Tukey's test or Student's test between two groups. 28) Differences with p values of less than 0.05 are considered statistically significant.
Results

Synthesis of polyhydroxyflavonoids
The active polyhydroxyflavonoids, baicalein, oroxylin A and wogonin, were synthesized according to the reported procedure. 15, 16) Sulfation of baicalein with chlorosulfonic acid in the presence of triethylamine gave baicaleinyl 7-O-sulfate. This sulfate was confirmed by precipitation with BaCl 2 and further established by a bathochromic shift in the presence of hydrochloric acid. The structure of baicaleinyl 7-O-sulfate was identified by spectral comparison with standard polyhydroxyflavonoids. Its 1 H-NMR data (DMSO-d 6 ) were similar to those of baicalein, although the absorption at 10.60 (1H, s, 7-OH) was significantly changed to 12.87 (1H, s, 7-OSO 3 H). In the 13 C-NMR spectrum, the peak at 94.8 (C-8) was changed to 110.3. The EI mass of baicaleinyl 7-O-sulfate showed a molecular weight at m=z 350 and further showed the occurrence of [M-
The intense absorption at 1357 cm À1 in the IR spectrum suggested that sulfate formation has been on the A ring of baicalein.
The most widely accepted mechanisms for the cellular action of flavonoids at least in part involve its antioxidative nature. 29, 30) Therefore, the emphasis of our investigation into the pharmacological effects of our sulfated and naturally occurring polyhydroxyflavonoids was placed on in-vitro free-radical scavenging, the prevention of linoleic acid peroxidation compared with -tocopherol, and in-vivo anti-inflammatory activity.
Tollen's test
Tollen's test, a generally accepted chemical antioxidant evaluation, showed that all the studied polyhydroxyflavonoids had potent antioxidative ability by instantly producing a silver-mirror reaction.
Determination of cell viability
The effects of the polyhydroxyflavonoids on cell viability were evaluated by RAW 264.7 macrophages. In the MTT assay, none of the polyhydroxyflavonoids were toxic at various concentrations of 25, 50, 100, and up to 200 mM on LPS-activated murine RAW 264.7 over 24 h. The cell viability was in the 85-95% range. On the basis of their nontoxicity to macrophages, the effects of the polyhydroxyflavonoids on NO production were further evaluated.
Nitrite quantification
In order to evaluate the cytoprotective ability at the NO level, one of the oxidative stress mediators, LPSelicited RAW 264.7 macrophages were used. In our experiments, we chose the 24-h time point and observed potent inhibition of NO production by the polyhydroxyflavonoids (using the nitrite level as the indicator) in LPS-elicited RAW 264.7 macrophages. The IC 50 values are shown in Table 1 , wogonin being exhibited the most potent (IC 50 ¼ 45:3 AE 0:2 mM). The magnitude order of inhibition of NO production was wogonin > oroxylin A > baicalein > baicaleinyl 7-O-sulfate.
Measurement of superoxide by the lucigenin-enhanced chemiluminescence assay
In order to evaluate the cytoprotective ability for suppressing the level of superoxide generation, a lucigenin-enhanced chemiluminescence (LucCL) assay was conducted. All the polyhydroxyflavonoids at 20 mM markedly suppressed the superoxide level in a whole blood assay of lucigenin-enhanced chemiluminescence.
The inhibition of superoxide formation (Fig. 2 ) by baicalein was 65:0 AE 4:2%, by oroxylin A was 65:3 AE 11:3%, by wogonin was 55:3 AE 4:1%, by baicaleinyl 7-O-sulfate was 69:3 AE 12:9%, and by -tocopherol was 54:2 AE 5:2%. Baicalein, baicaleinyl 7-O-sulfate, and oroxylin A were therefore slightly less potent than -tocopherol (p < 0:05), but that of wogonin exhibited a potent suppression of superoxide generation similar to that of -tocopherol.
Free-radical scavenging activity by the DPPH assay To evaluate the initial antioxidative capacity of the polyhydroxyflavonoids in comparison with that of ascorbic acid and -tocopherol, an assay for scavenging DPPH, a stable free radical, was employed. The reduction of DPPH was followed by monitoring the decrease in the absorption at its characteristic wavelength during the reaction. In respect of the scavenging efficacy of the DPPH radical (Fig. 3) , baicalein had the most prominent scavenging activity (IC 50 ¼ 13:4 AE 0:5 mM), being followed by oroxylin A (IC 50 ¼ 20:9 AE 0:9 mM), wogonin (IC 50 ¼ 22:3 AE 0:7 mM), baicaleinyl 7-Osulfate (IC 50 ¼ 23:5 AE 1:2 mM), -tocopherol (IC 50 ¼ 38:5 AE 0:7 mM), and ascorbic acid (IC 50 ¼ 48:4 AE 1:1 mM).
Determination of linoleic acid peroxidation
Fatty acid peroxidation was evaluated by determining the antioxidative activity toward a linoleic acid emulsion by the ferric thiocyanate method. The amounts of fatty acid peroxides formed in the emulsion during incubation were determined spectrophotometrically by measuring the absorbance at 500 nm. High absorbance indicates a high concentration of formed peroxides and therefore a lower antioxidative effect.
In preventing linoleic acid peroxidation (Fig. 4) , oroxylin A at the 50 mM level revealed more potent antioxidative activity for the first three days than lipophilic -tocopherol (50 mM). However, -tocopherol had a more lasting antioxidative effect over 5 days than the polyhydroxyflavonoids. Wogonin had comparable antioxidative activity to that of -tocopherol. In general, the magnitude order was -tocopherol = oroxylin A > wogonin > baicalein 7-O-sulfate > baicalein.
Anti-inflammatory activities evaluated by the carrageenan-induced hind paw edema test
Carrageenan-induced rat paw edema, the standard and most commonly used technique to screen anti-inflammatory activity, is an in-vivo model of acute inflammation for a variety of inflammatory and/or oxidative stress mediators with biphasic inflammatory nature. A state of local acute inflammation was evoked by injecting 1% (w/v) -carrageenan (0.1 ml/paw) s.c. into the plantar surface of the right hind paw of the rat, with the left paw (saline treated) serving as a control. Our results (Fig. 5) show that the polyhydroxyflavonoids exerted a striking anti-inflammatory effect with a significant reduction in swelling. In the vehicle-treated control group, the mean volume of the right hind paws increased by 0:70 AE 0:06 ml 5 h after a carrageenan challenge. All the polyhydroxyflavonoids and ibuprofen (as a positive control) injected i.p. at 20 mg/kg significantly reduced the mean paw edema of the rats. Wogonin manifested the greatest inhibition of 82.9% (paw edema, 0:12 AE 0:03 ml, p < 0:05) after 5 h. Figure 6 compares the dose-dependent effect of wogonin on the reduction of paw edema with that of the control and ibuprofen. far more potent antioxidative activity than -tocopherol and quercetin; 31) this prompted our further synthesis of sulfated baicalein, oroxylin A and wogonin. Baicalein became sufficiently water-soluble by conjugation via sulfation in a 59% yield and over 98% purity. However, attempts to prepare the corresponding O-sulfate derivatives of oroxylin A and wogonin failed, probably respectively due to the bulky 6-and 8-methoxyls. The marked improvement in aqueous solubility is clearly evident from the noticeable drop in log P (1.033, vs. (Table 1) , the aqueous solubility determined by an HPLC analysis, being approximately 0.1 mg/ml (very slightly soluble) for baicalein, and 12 mg/ml (sparingly soluble in cold water) and 40 mg/ml (soluble in hot water) for baicaleinyl 7-O-sulfate. The preparation of completely water-soluble baicaleinyl 7-O-sulfate, however, resulted in prompt decomposition of the sulfate derivative immediately after mixing with potassium hydroxide or another base, notably at elevated temperature. Rapid base-catalyzed hydrolysis of the sulfate ester presumably may have taken place. Accordingly, this compound would not be suitable for further preparation as an alkaline salt.
for baicalein)
Our results suggest that the salient features of all the three polyhydroxyflavonoids of S. baicalensis and of synthetic water-soluble baicaleinyl 7-O-sulfate were their significant antioxidative and anti-inflammatory activities both in vitro and in vivo, such as the inhibition of NO production, scavenging of the DPPH radical, scavenging of the superoxide anion radical, prevention of lipid peroxidation, and inhibition of rat paw edema induced by carrageenan.
The Tollen test indeed showed that all the studied polyhydroxyflavonoids were satisfactory reducing agents, basically donating electrons to the silver ion from the OH groups appended to the aromatic rings.
Excessive accumulation in the body of NO will react with oxygen free radical, such as superoxide to form a much more deadly intermediate peroxynitrite, which in turn mediates an intricate cascade of inflammatory events. Therefore, agents possessing significant inhibition of NO production may turn out to be antiinflammatory and cytoprotective. Wogonin displayed much more potent inhibition of NO production than L-NAME, a nonspecific NOS inhibitor, and was superior to the remaining flavonoids studied. We reasoned that the potent activity of wogonin was attributable, at least partly, to its unique structure involving a C-2,3 double bond and the positions of the phenolic polyhydroxyl groups on the A-ring, in addition to the stabilizing effect of intramolecular hydrogen bonding between 5-OH and 4-CO. However, the introduction of a bulkyl sulfate at 7-OH of baicalein (baicaleinyl 7-O-sulfate), resulting in even more favorable water solubility, probably had a detrimental effect, as was evident from the diminished inhibitory activity toward NO production in LPSactivated RAW 264.7 cells. It is suggested that baicaleinyl 7-O-sulfate might not be able to efficiently penetrate the lipid-rich cell membrane in that it is hydrophilic and especially electrically charged. Steric hindrance of the bulkyl sulfate residue may also be responsible.
Despite of the Janus-faced role of NO, it is well accepted that superoxide produced in the respiratory chain of normal cells plays a part in NO removal. However, both superoxide and peroxynitrite, being strong oxidants, can exacerbate the inflammatory injury to cells. As shown in Fig. 2 , the polyhydroxyflavonoids significantly inhibited LPS-stimulated production of superoxide.
The polyhydroxyflavonoids might neutralize and/or modulate superoxide, nitric oxide and peroxynitrite radicals, as well as inflammatory mediators from overactivated macrophages. It is possible that agents having such activities as these may prove to be effective in providing cytoprotection in the context of inflammationmediated pathological development. All the polyhydroxyflavonoids used in our studies exhibited a similar degree of protection against superoxide. Among them, wogonin once again showed strong antioxidative activity similar to that of -tocopherol in human whole blood.
With respect to the antioxidative effects, Gao et al. have reported that baicalein prevented human dermal fibroblast cell damage, and Shao et al. have demonstrated that an extract of S. baicalensis attenuated the oxidative stress in cardiomyocytes by reducing hydroxyl and superoxide radicals. 32, 33) According to Ratty and Das, 34) this is most likely to have been mediated by the free-radical scavenging efficiency of the polyhydroxyflavonoids; the coexisting free 5-OH and 2,3-double bond in conjugation with the 4-keto group of the polyunsaturated substitutions on rings A and B conferred potent antioxidative properties by facilitating resonance stabilization of electron delocalization across the flavonoid skeleton and contributing to a stable alkoxyl radical or semiquinone or quinone species. Another possibility is that the polyhydroxyflavonoids, being outstanding metal ion-chelating agents, could chelate the iron ions present in the cells and hence depress the Fenton reaction. Figure 3 shows that the four flavonoids possessed significant activity for scavenging free radicals by donating hydrogen atoms, which is in accordance with the reported results.
35) The decrease in maximum absorbance at the characteristic wavelength of the DPPH radical in the presence of the test compounds demonstrates that both H-donating ability and antioxidative activity were far more pronounced with the polyhydroxyflavonoids having phenolic OH groups than with ascorbic acid and -tocopherol.
The structural principles governing the antioxidative activity of the polyhydroxyflavonoids of S. baicalensis (a pyrogallol or resorcinol group and the presence of the 2,3-double bond in conjugation with the 4-oxo group) are determinants of radical scavenging and/or antioxidative potential as suggested by Bors et al. 35) Our results in relation to this model show that baicalein, a pyrogallol-containing flavonoid, was significantly more potent in scavenging DPPH free radicals. Phenolic OH is obviously indispensable to both the antioxidative and free-radical scavenging activity. It seems that the more phenolic hydroxyl groups possessed by the flavonoid, the more powerful the effect of scavenging DPPH free radicals.
Once again, the water-soluble baicalenyl 7-O-sulfate did not show any better reactivity toward scavenging DPPH free radicals than baicalein (Fig. 2) . We reason that the DPPH radicals might have interacted with both phenolic compounds in a rather indiscriminate way. This implies that the significant polarizability of the sulfate residue, possibly bringing about a destructive attack on the DPPH radicals by itself, might have offset the radical scavenging effect to some extent. Our results indicate that the number of phenolic OH groups in the molecule and optimum water solubility of the compounds may be equally critical to account for the fact that baicalein was the most active among these polyhydroxyflavonoids.
The relative antioxidative activity of these polyhydroxyflavonoids, based on their ability to prevent the formation of linoleic acid peroxidation, was determined by the ferric thiocyanate method, which measures the amount of peroxide generated in the initial stages of fatty acid peroxidation. These antioxidants scavenge radicals in the cell membrane and are crucial for preventing fatty acid peroxidation, the most well known being lipophilic -tocopherol and hydrophilic ascorbic acid. They react with peroxyl radicals more rapidly than the polyunsaturated fatty acids do and hence act to terminate the chain reaction of fatty acid peroxidation, eventually resulting in stabilizing the membrane. Our results from the linoleic acid peroxidation experiments suggest that the antioxidative activity from the major flavonoid components of S. baicalensis was proportional to the number of phenolic hydroxyls on the aromatic rings, confirming that the antioxidative activity was closely associated with phenolic OH, as is also reflected by -tocopherol. This is consistent with other reports showing the protective effects of the polyphenols against oxidative stresses. 36) Iwahashi et al. have reported that polyphenols inhibited the formation of 13-hydroperoxide octadecadienoic (13-HPODE) acid-derived radicals (the pentyl radical and octanoic acid radicals) in a reaction mixture of linoleic acid hydroperoxide with ferrous ions that they examined by ESR spin trapping. This result also directly demonstrates that polyphenols exerted their inhibitory effect by chelating the iron ions. 37, 38) The ability of the flavonoids to interact with the lipid bilayers of cell membranes, including the incorporation rate into cells and their orientation, was probably an important factor for their antioxidative activity. Therefore, the antioxidative effectiveness of phenolic compounds may be related to their hydrophobic characteristic (Table 1) of penetrating the cells and to their orientation in biomembranes. 39) Saija et al. have indicated that flavonoids could anchor to the polar heads of membrane phospholipids, thus forming reversible physico-chemical complexes in the stabilizing biomembranes as antioxidants. 40) However, it should be noted that the effect caused by a biomembrane might be very complex and nonlinear, not simply increasing or decreasing linearly with increasing lipophilicity and with the characteristic that either too high or too low lipophilicity of a flavonoid might interfere with its antioxidative activity.
All the four polyhydroxyflavonoids used in our studies exhibited potential protection, similar to that of -tocopherol, against linoleic acid peroxidation. It is possible that such other biological activities as enzyme inhibition, including oxidases and oxygenases, may also contribute to the cell-and tissue-protective properties of polyhydroxyflavonoids. Some controversial results that arose between baicalein and baicaleinyl 7-O-sulfate against linoleic acid peroxidation in our investigation are shown in Fig. 4 . It suggested that, among the polyhydroxyflavonoids, baicalein might have eminent Fe-chelating ability at such an unusually high iron level (0.02 M) in a cell-free linoleic acid emulsion not identical to the normal cell environment. Unless replenished, exhaustive complexation of baicalein with iron ions might reverse the antioxidative effect against linoleic acid peroxidation by depleting the available active baicalein.
In our in-vivo results (Fig. 5) , the degree of inhibition by the polyhydroxyflavonoids toward the paw edema was less pronounced (< 50% inhibition) 1-2 h after the carrageenan challenge, but was significant after 2 h. This difference in the degree of inhibition may be related to the potency of various polyhydroxyflavonoids and to the nature of the various mediators involved in the patho-genesis of the carrageenan-induced paw edema as previously discussed. Compared with the parent, baicalein, the water-soluble baicaleinyl 7-O-sulfate had comparable anti-inflammatory activity, but nevertheless weaker than that of wogonin. Lin and Shieh have demonstrated that wogonin exhibited an inhibition level of 32.6% and 15.9% against carrageenan-induced rat paw edema after 3 and 5 h, respectively, by subcutaneously injecting 20 mg/kg 1 h before the carrageenan challenge. 41) However, our results show that wogonin injected i.p. at 20 mg/kg much significantly reduced the mean paw edema of the rats by 73.2% and 82.9% (paw edema of 0:15 AE 0:04 ml and 0:12 AE 0:03 ml) after 3 and 5 h, respectively. With the respect to the different administration routes, this comparison shows that the potency might be related to the drug bioavailability. Among the flavonoids studied on the basis of our results, wogonin showed the greatest anti-edema activity, being related to its anti-inflammatory action, and exerted in a dose-dependent manner (Fig. 6 ), which concurs with the inhibition of NO and superoxide, the correspondingly notorious peroxynitrite. We therefore presume that the antioxidative activities of the polyhydroxyflavonoids in respect of the inhibition of NO production and superoxide were closely related to their anti-inflammatory activity, which is in agreement with Salvemini's opinions. 3) Thus, the anti-edematogenic mechanism of the polyhydroxyflavonoids, especially wogonin, may also be related to the inhibition of ROS release or scavenging, which is possibly responsible for attenuating such inflammatory effects as those mediated by peroxynitrite and/or in the presence of NO and superoxide anions in the early stage of inflammation. Therefore, the polyhydroxyflavonoids appear to be anti-inflammatory and cytoprotective, as well as strongly radical-scavenging. It is also noteworthy that, from the foregoing results, even only a very small structural difference in the flavonoid skeleton would lead to a marked difference in the potency of the antioxidative and anti-inflammatory activities. As Williamson et al. have suggested, the conjugates of flavonoids, either glycosides or sulfates, endow significant biological activities in vivo.
42) Therefore, our synthetic baicaleinyl 7-O-sulfate might be able to serve as a precious reference for tracing the baicalein metabolites in humans or animals which could play an important role in antioxidative and anti-inflammatory activities. If this is the case, the facile synthetic method to circumvent the difficulty in preparing flavonoid sulfates and the promising preliminary results revealed in this study might have the merits of convenience and reference for further in-vivo investigations of baicalein metabolites.
In conclusion, the knowledge gleaned from our studies has indicated that the active polyhydroxyflavonoids could be beneficial to the diseases associated with chronic inflammatory responses.
